We examine the interpretation of individual phase-space trajectories of the Wigner function as corresponding to possible outcomes of single experimental trials. In particular, we focus on the relation between the true (measured) particle number distribution Pn for a single-mode state and that obtained by discretely binning the individual stochastic realisations of squared mode amplitudes |α| 2 of the sampled Wigner distribution W (α), which we denote viaPn. We provide an operational definition ofPn in terms of the underlying Wigner function, which allows us to explicitly calculate the overlap between the two number distributions and hence quantify the statistical distance between them. We find that there is indeed a close quantitative correspondence between Pn andPn for a wide range of states, justifying the broadly accepted view that, for highly occupied modes, individual stochastic realisations of Wigner trajectories should approximately correspond to outcomes of single experiments. However, we also find counterexamples for which high mode occupation may not be sufficient for such an interpretation; we find instead that a more relevant and sufficient requirement is the smoothness and broadness of the Wigner function W (α) for the state of interest relative to the scale of oscillations of the Wigner function for a Fock state, W |n (α).
I. INTRODUCTION
Phase-space representations of quantum mechanics have proven to be a versatile tool in understanding and modelling quantum dynamics. In particular they have been used extensively as a calculation technique in the fields of quantum optics [1, 2] and ultra-cold atomic gases [3] [4] [5] . These representations, in particular the Wigner quasi-probability distribution [6] , are unashamedly motivated by the phase-space formulation of classical physics. As such, there has been long discussion regarding the interpretation of the Wigner function and, in particular, its relation to classical probability distributions [7, 8] . Further to this, there has been some comment in the literature regarding the interpretation of individual trajectories of the Wigner function in phase-space. In the field of ultra-cold gases in particular, this issue has been touched on by Blakie et. al. [9] , who make the comment that for highly occupied 'classical' states, such as those near the critical transition to a Bose-Einstein condensate, "it is plausible that single realizations of Wigner trajectories should approximately correspond to a possible outcome of a given experiment". This is an issue touched upon by other authors in the literature [10, 11] , although with the obvious caveat that the corresponding Wigner distribution must of course be strictly positive, so as to allow interpretation of it as a probability distribution. The underlying motivation is that in the truncated Wigner approximation (TWA) the evolution is governed by a mean-field equation and thus effectively the individual trajectories are deterministically evolved from a sampled initial phase-space distribution, which can be interpreted as the quantum uncertainty in the initial conditions.
Here, we seek to investigate the link between the outcomes of Wigner trajectories and experimental runs by comparing the respective particle number distributions. Experimentally this is measured by counting shots in which n quanta are detected, for instance photons hitting a detector, and corresponds to P n = | n|ψ | 2 where n = 0, 1, 2..., for a pure state |ψ .
In the case of the Wigner function W |ψ (α), where α is the complex field amplitude, we can operationally define a number distributionP n by calculating n i = |α i | 2 − 1/2, where the index i indicates an individual trajectory, and sorting the continuous values into discrete bins such thatP n is the probability to find n − 1/2 ≤ n i < n + 1/2. The subtraction of 1/2 in the calculation of n i = |α i | 2 − 1/2 can be thought of as representing the subtraction on average of half a quantum of noise (that has been added to the initial state to mimic quantum fluctuations), which is required in the calculation of the average mode occupation ( â †â = α * α W − 1/2) using the Wigner function due to its correspondence to expectation values of symmetrically ordered operator products.
Strictly, the only true correspondence between the phasespace representations and quantum mechanics is the calculation of appropriately ordered moments (expectation values) of field operators by ensemble averages over the quasiprobability functions. This can be seen particularly clearly in the case of the positive-P representation P (α, β) [12, 13] for the simplest single-mode problem, where α and β are complex field amplitudes corresponding, respectively, to the annihilation and creation operators,â andâ
For a calculation of the mode occupation â †â , individual stochastic realizations of the quantity βα would generally produce complex values (which converge to real values after averaging over many stochastic realizations) thus rendering the individual realizations physcally meaningless. Furthermore, in the context of the Wigner function, individual trajectories cannot be truly thought of as 'experimental realizations' as such a realization would imply simultaneous knowledge of the exact values of canonically conjugate variables such as position and momentum, or field quadraturesX =â +â † andŶ = i(â † −â), violating the Heisenberg uncertainty principle. In the face of this, however, there has been investigation of features of individual stochastic trajectories sampled from the Wigner distribution, such as in the studies of quantum turbulence [14] and soliton formation [11, 15, 16] in Bose-Einstein condensates.
In this article, we demonstrate that the defining feature governing the interpretation ofP n as a valid approximation to the true P n is the form of the Wigner function W |ψ in phasespace, specifically, the smoothness and the width of the distribution relative to the oscillatory structure in the Wigner function of the Fock state, W |n (α). As a consequence, we find such an interpretation generally requires the state to be 'classical' in the sense of a high mode occupation, agreeing with the heuristic conclusion of Blakie et. al. [9] . However, we also show -using an explicit counterexample (which is for a highly squeezed coherent state, the Wigner function of which is always positive and smooth) -that high mode occupation alone is not always sufficient.
The article is organized such that in Sec. II we demonstrate formally the underlying mathematical relation between P n andP n in the Wigner representation and the conditions on W |ψ (α) forP n to approximately correspond to P n . In Sec. III we investigate quantitatively the legitimacy of the method applied to a variety of studied states. Finally, in Sec. IV we examine under what conditions we expect the method to fail, and how such a failure would manifest in a few example states.
II. FORMAL DERIVATION
To formally evaluate the particle number distribution P n of a single-mode state |ψ , one may calculate the state overlap with the Fock state |n , which in the Wigner representation is given by [17] 
where W |ψ (α) are W |n (α) are the respective Wigner functions, with W |n (α) given by [18] 
where L n (x) is the nth-order Laguerre polynomial. 
where the subscript refers to averaging over many stochastic trajectories which provide samples of α i according to the distribution W |ψ (α).
To make the connection between this formal procedure and our binned probability distribution we briefly outline some previous observations made regarding W |n (α). As noted by Refs. [19, 20] it is not possible to directly simulate W |n (α) for the Fock state by sampling classical random numbers as there exist regions of the Wigner function which correspond to 'negative probability'. To overcome this, methods such as smoothing of the Wigner distribution by convolution with a Gaussian have previously been explored. This has been motivated by the desire to interpret the phase-space function as a proper probability distribution which is strictly positive (such as the Husimi distribution [21] ).
However, we focus on a technique proposed by Gardiner et. al. in Ref. [19] , wherein the authors observe that the cumulative distribution function of the quasi-probability distribution
where θ(x) is the Heaviside step-function, behaves similar to a step-function. We illustrate this in Fig. 1 for a Fock state of n = 20, where clearly W cum |n (α) oscillates around 0 for |α| 2 n then quickly approaches the maximum of W cum |n (α) = 1. This naive correspondence motivated Gardiner et al. [19] to propose approximating the Wigner function W |n (α), for the purposes of simulating the Fock state and evaluating low-order moments of α, as a radially symmetric Gaussian ring
centered at |α| 2 = n + 1/2 and having radial rms width of σ = 1/2, with normalization giving
This function is strictly positive and can be interpreted as a form of ad-hoc smoothing of W |n (α), which allows sampling by random variables distributed according to a classical probability distribution. The authors argued that due to the step-like nature of W cum |n (α), the Gaussian approximation should accurately capture the mean-values of any smooth functions of α, in particular moments of the distribution such as |α| m W . In Ref. [20, 22] We consider taking this approximation even further by explicitly assuming the form of a step-function for the cumulative distribution function. As a consequence the associated Wigner function for the Fock state will bẽ
This corresponds to a radially symmetric boxcar function in phase space with a central radius of |α| 2 = n + 1/2 and width √ n + 1 − √ n. As we see from Fig. 1 , the cumulative distributions ofW |n (α) and W |n (α) are very similar to each other and therefore approximating the actual Wigner function W |n (α) by a boxcar function (7) is equally suitable as approximating it by a Gaussian (5). Taking this crude form of the Wigner function, Eq (7), we can substitute it into Eq. (1) to calculate an approximate number distributioñ
where in the last line we have transformed to polar coordinates α x = rcos(φ) and α y = rsin(φ) for α ≡ α x + iα y . The last line is important as it corresponds tõ
where
is the quasi-probability distribution of |α| 2 . Equation (9) is the key result, as in practice one can evaluate the RHS by numerically sampling a Wigner function and evaluating the quantity n i = |α i | 2 − 1/2, which are then sorted into bins centered at n = 0, 1, 2.... Thus, binning values of n i from individual trajectories of the Wigner function corresponds to constructing the probability distributionP n given by Eq. (8) .
The relationship betweenP n and P n depends crucially on the validity of replacing W |n (α) withW |n (α) when evaluating the integral in Eq. (1) . As per the reasoning of Gardiner et. al., we expect this to only be a good approximation when W |ψ (α) is a sufficiently smooth function of α. Qualitatively, this means that we require W |ψ (α) to be slowly varying on the order of the characteristic length scale of oscillations in W n (α), which, using the properties of the Laguerre polynomial L n (4|α| 2 ), can be estimated to be ∼ 1/ √ n. There are two complementary properties of W |ψ (α) which achieve this outcome. Firstly, for states localized near the origin in phase-space -such as the thermal state -one requires that the Wigner function has a characteristic width much greater than 1. This implies thatP n will approximate P n well even for small n ∼ 1. Secondly, for states of fixed width -such as the coherent or squeezed coherent states -one requires a large coherent displacement |β| from the origin. As the overlap between W |ψ (α) and W |n (α) will generally be greatest for n ∼ |β| 2 , the length-scale of the oscillations in W |n (α) in the relevant regions of W |ψ (α) will scale as 1/|β|. The width of W |ψ (α) relative to the scale of these oscillations thus increases as |β| increases, improving the validity of replacing W |n (α) withW |n (α). In the following section we illustrate these arguments both qualitatively and quantitatively for a range of states.
Lastly, although this derivation has focused on the singlemode case it may be trivially generalized to a multi-mode state and an equivalent form ofP n1,n2... may be found. The same generalized conditions regarding the relative width of the Wigner function may be applied, however, in the following section we will continue to focus our analysis on the singlemode case as it allows us to illustrate the correspondence between the two number distributions in an intuitive and simple manner.
III. SIMILARITY OF Pn ANDPn
As a quantitative measure of how well the binned particle number distributionP n approximates the true distribution P n , we introduce the Bhattacharyya statistical distance, which is defined as [23] 
where the Bhattacharyya coefficient is given by
ForP n → P n the Bhattacharyya coefficient becomes B(P,P ) → ∞ n=0 P n = 1 due to the normalization condition and hence D B → 0, indicating complete overlap of the distributions.
A. Chaotic (thermal) state
The first state we consider is the thermal state, which is a mixed state defined by the density matrix
where the number distribution is given by [24] P n =n
and the state is characterised by the mean occupation n =n. The Wigner function of the thermal state is [24] W th (α) = 2 π
The rms width of the distribution is then σ = n/2 + 1/4. We thus expect that for large mean occupation the distribution becomes sufficiently broad forP n to agree well with the physical P n . For this particular case it is possible to substitute W th (α) into Eq. (8) and solve the integral exactly, giving the result
The exact functional form ofP n clearly differs from P n , implying there is no exact correspondence between the two distributions under any conditions, although we will see that they are indeed extremely similar. To investigate the similarity of the distributions the Bhattacharyya coefficient can also be calculated exactly to give
and thus the Bhattacharyya distance is
In the limit ofn ≫ 1 we find the behaviour
which indicates that for large mean occupationP n rapidly approaches the true P n . As previously indicated, this is explained via the broadness of W th (α) where σ ≃ n/2 for largen. One could thus recast Eq. (19) in terms of the width of the distribution as
In Fig. 2 (a) we plot a comparison of P n andP n for a thermal state withn = 10. Even for this low occupation the distributions are visually identical, with a Bhattacharyya distance of D B = 6.63 × 10 −5 . The statistical distance becomes even smaller asn increases, as shown in Fig. 2(b) . 
B. Coherent state
The effect of displacement of the Wigner function in phasespace can be investigated most succinctly by considering the simplest example of this effect: the coherent state,
whereD(β) = exp(βâ † − β * â ) is the displacement operator [24] . The action of the displacement operator in phase space is to shift the Wigner function of the vacuum state by a displacement β = |β|e iϕ . As the Wigner function of the vacuum state is simply a minimum uncertainty state, i.e. a Gaussian with rms width σ = 1/2, the Wigner function of the coherent state can then be written as [24] W |β (α) = 2 π e −2|α−β|
Again we may substitute W |β (α) into Eq. (8) to find an explicit form for the binned probability distribution,
where we have assumed the coherent displacement is purely real (ϕ = 0) without loss of generality. This integral can be evaluated [25] to givẽ
The actual probability distribution P n is Poissonian,
with mean occupation n = |β| 2 [24] . Using Eq. (24) a simple form of the Bhattacharyya distance cannot be computed analytically. Instead, the simplest manner to calculate D B is by numerically evaluatingP n by stochastically sampling W |β (α). We do this by mapping W |β (α) to a classical probability distribution and then sampling classical random variables according to the prescription of Ref. [20] . The calculated occupations n i = |α i | 2 − 1/2 of each trajectory are then binned andP n is constructed. This can then be substituted with P n into Eq. (11) which is numerically evaluated and plotted in Fig. 4 . We find a scaling of
This agrees with our expectation as the validity of using the approximationW |n (α) improves with increasing |β|.
C. Squeezed coherent state
To study the combined effects of the distribution width and coherent displacement in a more general sense we investigate the squeezed coherent states, which are defined as [26] 
where the displacement operator is defined as previously and the squeezing operator isŜ = exp[{η
] where η = se iθ for s ≥ 0. In Fig. 3 we illustrate the action of this operator, which is to 'squeeze' the Gaussian Wigner distribution of the vacuum by an amount e −s along an axis defined by the squeezing angle θ, whilst the perpendicular axis is stretched by e s . The displacement operator then shifts the distribution in phase space by β = |β|e iϕ as per the coherent state, which is in fact a special case with s = 0. Decomposing the complex number into α = α x + iα y (and similar for β) one can move to the co-ordinates
to give the Wigner function of the squeezed state in a simple form [24] W |β,η (γ) = 2 π e
where σ s = e −s /2 and σ a = e s /2 are the rms widths along the squeezed and anti-squeezed axes, respectively.
The calculation ofP n analytically from Eq. (8) is not illuminating in this case, leading to a complex series solution which is a generalization of the coherent state case. We point the reader to Ref. [25] as a guide to the calculation. Figure 3 . Illustration of the Wigner function for a squeezed coherent state W |β,η (α). The action of the squeezing operatorŜ(η) on the initial state |0 is to squeeze the vacuum state Wigner function (a symmetric Gaussian with rms width σ = 1/2) by e −s along the αx-axis and stretch it by e s along the αy-axis, then rotate the distribution by θ/2. The subsequent action of the displacement operator D(β) is to shift the distribution by β = |β|e iϕ in phase space. The relevant length scale in comparison to the radially-directed oscillations in W |n (α) is the effective width σ eff along the radial direction of W |β,η (α).
The number distribution of the squeezed state is also nontrivial [26] ,
with mean occupation n = |β| 2 + sinh 2 (s). For large coherent displacement such that |β| 2 ≫ e 2s , a more useful approximation to the number distribution is [26] 
This form demonstrates how the squeezing operator stretches or squeezes the probability distribution according to the relative orientation of the squeezing and coherent displacement.
In this section our analysis will be limited to a range of squeezing such that the above qualitative understanding of P n is valid. The effects of stronger squeezing and its implications for both P n andP n will be discussed in Sec. IV. The Bhattacharyya distance is again calculated numerically by stochastically sampling W |β,η (α) according to the prescription of Ref. [20] to constructP n . We plot D B in Fig. 4 for a squeezed coherent state with |β| 2 = 50, ϕ = 0, s = 0.4 and squeezing angles of θ = 0 and θ = π, which are referred to as amplitude-and phase-squeezing respectively. We find a generic scaling independent of s
which is the same as for the coherent state, which is the special case s = 0. Beyond the scaling with coherent displacement, we may also examine how the width of the Wigner function affects the agreement ofP n with P n by manipulation of the squeezing strength s and angle θ. The relevant length scale will be the effective width σ eff of the distribution (see Fig. 3 ) with respect to the radially directed oscillations in W |n (α),
We plot the dependence of the Bhattacharyya distance as a function of this parameter in Fig. 5 (a) and find it scales as
This scaling differs from that obtained for the thermal state, however, it should be noted there is a distinct difference between the squeezed and thermal states. The thermal state width increases along all directions symmetrically whereas the squeezed state is a minimum uncertainty state, meaning that an increase in the width of one axis (σ a ) is offset by a decrease in the perpedicular axis (σ s ) such that the overall product σ a σ s = 1/4 is preserved. Thus it is perhaps not surprising that D B decreases faster with respect to the rms width for the thermal state relative to the squeezed state. In Fig. 5 (b) we also plot the Bhattacharyya distance as a function of the squeezing angle. For a state with a purely Figure 6 . (a) Probability distribution for a squeezed vacuum state with s = 1 and θ = 0. The true Pn (grey bars) oscillates for odd and even n, whereasPn (red markers) is a monotonically decreasing function. We constructPn from ∼ 10 7 trajectories and stochastic sampling error is negligibly small. In the inset (b) we plot W |n (α) for the n = 3 Fock state and an ellipse representing the 2σa,s contour of W |η (α). Clearly, the width of W |η (α) is on the order of the characteristic length of oscillatory structure in W |n (α) and thus our approximation ofW |n (α) will no longer be a valid substitution in Eq. (1), explaining the disagreement betweenPn and Pn. We highlight that the colormap chosen for the Wigner function is saturated for the central dip of W |3 (0) = −2/π so as to allow better contrast for the remaining oscillations.
real coherent displacement (ϕ = 0), we find D B is minimal for phase-squeezed states (θ = π) and maximal for amplitude squeezed states (θ = 0), illustrating our qualitative arguments regarding the validity of the binning method. For phasesqueezing, the anti-squeezed axis of the distribution is aligned radially, along the direction of the oscillations in W |n (α). We thus expect for this scenario that our approximationW |n (α) should be the most valid as any oscillations will be averaged out in Eq. (1), leading to minimal D B . Conversely, for amplitude squeezing the squeezed axis of the distribution is aligned radially and thus we expect our approximation to be the least valid, leading to an increase in D B .
IV. BREAKDOWN OF RELATIONSHIP
We have demonstrated with the previous states how the binned probabilityP n closely replicates P n under certain conditions. However, one can also find a few simple counterexamples to demonstrate how the correspondence breaks down when the underlying approximations are no longer valid.
The simplest counter-example one can demonstrate is the squeezed vacuum state |η ≡ |0, η , which is a special case of the squeezed coherent state with nil coherent displacement in phase-space. The squeezed vacuum is notable for its even-odd oscillatory number distribution,
This property is an effect of the narrowness of the Wigner function W |η (α) combined with the negativity of the true Fock state Wigner function W |n (α). As W |η (α) is centered at the origin and has an rms width of σ ≤ 1/2 in at least one of the α x or α y directions (we arbitrarily choose θ = 0), it will obvious be sufficiently narrow to probe the individual oscillations of W |n (α), which have a period on the order of 1 for small n (see Fig. 6 (b) for an illustration). Clearly, under these conditions we will not satisfy the requirement that the Wigner function W |ψ (α) is much broader than the characteristic scale of oscillations in W |n (α) for small n. Accordingly, we do not expect the replacement of W |n (α) byW |n (α) in Eq. (1) and thus the interpretation ofP n ∼ P n to be valid. In Fig. 6 we plot an example P n for a squeezing strength of s = 1. As expected, we find thatP n does not agree with P n ; in particular, it fails to capture the even-odd oscillatory behaviour of P n . A similar issue occurs for strongly squeezed coherent states. As previously mentioned, for weak squeezing, (e 2s ≪ |β| 2 ), P n is approximately Gaussian with a variance which depends on squeezing strength. However, for strong squeezing oscillatory structure emerges in P n [27] .
As an example, in Fig. 7 we plot P n andP n for |β| 2 = 20, s = 1.5 and for two squeezing angles: (a) θ = 0 and (b) θ = π. In both cases we see a region emerges wherein the probability of odd and even n oscillates strongly. For amplitude squeezing (θ = 0) these oscillations are predicted to arise for n |β| 2 and strong squeezing [27] , such that W |ψ (α) is sufficiently elongated that it is approximately the width of the oscillations in W |n (α) and multiple oscillations become important in the calculation of Eq. (1) as illustrated in Fig. 7 (a). Identically to the squeezed vacuum state, we predict the correspondence betweenP n and P n will break here. Similar arguments apply to the case of phase squeezing (θ = π), illustrated in Fig. 7 (a) .
In Fig. 8 we plot the Bhattacharyya distance for a broader range of squeezed coherent states, highlighting specifically the regimes in whichP n replicates P n and where this breaks down. We find for θ = π (σ eff ≥ 1/2) the Bhattacharyya distance steadily improves according to the power-law of Eq. (37) (indicated by the linear regime on the log-log axes) until a turning point σ eff ≈ 0.84|β| 2/3 , where the oscillations of W |n (α) near the origin become important for small n. For θ = 0 (σ eff ≤ 1/2) the statistical distance worsens due to the narrowness of the distribution according to Eq. (37) (again, the linear regime) until the emergence of oscillations. The transition from the linear relationship occurs in the vicinity σ eff ≈ 1/(2|β| 1/3 ). This scaling agrees with that regarding the emergence of oscillations as previously studied in Ref. [27] .
When we examine the forementioned states for which our procedure does not reproduce P n accurately, we see that these are states for which the quantization of the field is important. For n |β| 2 the true distribution Pn (grey bars) displays oscillations as W |β,η (α) is sufficiently narrow to probe the oscillatory structure of W |n (α) for large n. Such structure is not replicated byPn (red markers) as the replacement of W |n (α) byW |n (α) is no longer valid for sufficiently narrow W |β,η (α). We constructPn from ∼ 10 7 trajectories and stochastic sampling error is negligibly small. In (b) we plot the Wigner function of the n = 25 Fock state overlaid with an ellipse representing the 2σa,s contour of W |β,η (α). This illustrates how the oscillations of W |n (α), which we ignore in calculation ofPn, play an important role in calculating the overlap integral [Eq. (1)] for n |β| 2 . (c) Same as (a) except θ = π. For this squeezing angle we see that oscillations in Pn (grey bars) emerge for small n and are not replicated inPn (red markers). This is due to the elongated form of W |β,η (α), which is not sufficiently broad and smoothly varying in the region of overlap with W |n (α) for small n. This is illustrated in the inset (d), which shows the Wigner function of the n = 5 Fock state, again overlaid with a 2σa,s contour of W |β,η (α). Similar to The squeezed vacuum is a prime example of this, containing only even number of photons. As we coherently displace this state from the origin (squeezed coherent state), the displacement becomes more important than the squeezing andP n becomes more accurate. This is consistent with the fact that the truncated Wigner distribution is often described as equiva- . Without loss of generality we arbitrarily set ϕ = 0 for all states. Identically to Fig. 5 (a) we calculate σ eff ≤ 1/2 by setting θ = 0 and thus σ eff ≡ σs, and similarly σ eff > 1/2 by θ = π and σ eff ≡ σa. Stochastic sampling error of one standard deviation is not indicated, however, it is restricted to less than 2% of calculated DB values. For relatively weak squeezing (|β| 2 ≫ e 2s ), the power-law scaling of Fig. 5 (a) is illustrated by the linear-regime (0.2 s 0.9) with the logarithmic scale. The deviation from the linear regime, indicating oscillatory structure in Pn which is not replicated byPn, occurs at σ eff ≈ 1/(2|β| 1/3 ) for θ = 0, whilst there is an obvious turning point in DB at σ eff ≈ 0.84|β| 2/3 for θ = π.
lent to the classical theory of stochastic electrodynamics [28] , which does not include field quantization, and has previously been found inaccurate for, e.g., describing two-time correlation functions [29] .
V. CONCLUSION
In summary, we have demonstrated how a naive calculation of the binned number distribution of individual Wigner trajectories,P n , can replicate closely P n obtained from individual experimental outcomes for a range of states, both qualititatively and quantitatively. The sufficient requirement forP n to closely approximate P n is that the Wigner function W |ψ (α) of the state |ψ be sufficiently broad and smoothly varying on the characteristic length scale of oscillations in the Wigner function W |n (α) of the Fock state |n ; this is, of course, in addition to the requirement that the Wigner function W |ψ (α) is positive. If this requirement is satisfied, then we may demonstrate that appropriate binning of the occupation of individual trajectories, n i = |α i | 2 − 1/2, is operationally equivalent to assuming W |n (α) can be well described by the approximationW |n (α) in the formal definition of P n , Eq. (1).
For states localized around the phase-space origin (e.g., a thermal state), this requirement is satisfied by a broad Wigner distribution, having a characteristic width much larger than unity. For states that have large coherent displacement β (such as coherent and squeezed coherent states with |β| ≫ 1), one can tolerate narrower Wigner functions as long as its width remains much larger than 1/|β|, which is the characteristic length scale of oscillations in W |n (α) for the most relevant values of n (∼ |β| 2 ). This condition is satisfied for coherent states, and weakly squeezed states, but will break down for highly squeezed states when the width of the respective Wigner function in the narrow dimension becomes comparable to 1/|β|. The latter case serves as a counterexample to the view that high mode occupation alone is sufficient to interpret individual Wigner trajectories as 'samples' of single experimental runs.
Though we have considered only a small subset of Wigner functions in this article, we expect that the relationship betweenP n and P n established on an analysis of the width and displacement of the Wigner function will allow an easy application to further states and thus make this a useful tool in the analysis of various problems in quantum mechanics.
